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ABSTRACT:

Quadrupole plasmon and (octupolar) Fano resonances are induced in lithographically fabricated theta-shaped ring�rod gold
nanostructures. The optical response is characterized by measuring the light scattered by individual nanostructures. When the
nanorod is brought within 3 nm of the ring wall, a weak quadrupolar resonance is observed due to capacitive coupling, and when a
necklike conductive bridge links the nanorod to the nanoring the optical response changes dramatically bringing the quadrupolar
resonance into prominence and creating an octupolar Fano resonance. The Fano resonance is observed due to the destructive
interference of the octupolar resonance with the overlapping and broadened dipolar resonance. The quadrupolar and Fano
resonances are further enhanced by capacitive coupling (near-field interaction) that is favored by the theta-shaped arrangement. The
interpretation of the data is supported by FDTD simulation.
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Localized surface plasmon resonances are an increasingly
important optical effect that have stimulated chemical and

lithographic fabrications of metal nanoparticles/nanostructures
with a variety of shapes including spheres,1 triangles,2 rods,3

shells,4 disks,5 and rings.6 In the quasi-static regime, where the
size of the nanostructure is much smaller than the wavelength of
the excitation light, only the plasmon mode with a dipolar charge
distribution couples effectively with linearly polarized light.7�9

As the size of the nanostructure increases, the electric field of the
light can no longer be assumed to be uniform inside the particles,
and higher order (quadrupole, octupole, etc.) plasmon modes
can directly couple with the electric field of the light simply due to
the phase retardation effect.7�9 Excitation of multipole plasmon
resonances is also caused by breaking structural symmetry, as has

been observed in gold nanoshells with an off-centered dielectric
core.10 For planar nanostructures that inherently support higher
order modes, only the dipole plasmon resonance is excited at
normal incidence, and at oblique incidence the scattering
intensity of the quadrupole and octupole plasmon resonances
are much weaker than that of the dipolar mode, as has been
demonstrated on lithographically fabricated gold nanodisks11

and nanorings.12 As a result, higher order mode plasmon
resonances are not easily accessible for applications of metal
nanostructures such as surface enhanced spectroscopy,13 solar
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cell efficiency enhancement,14 and molecular and biological
sensors.15

It has been theoretically predicted that the quadrupole plas-
mon resonance of a noble metal nanoring can be excited at nor-
mal incidence through asymmetric coupling with a nanodisk.16,17

The excitation of higher order modes is rationalized in terms of
plasmon hybridization,18 which adds a dipolar character to the
multipolar modes and facilitates their coupling with the electric
field of light. However, to date the excitation of higher order
modes of the ring have been manifested indirectly as Fano-like
interferences19 when a multipolar resonance spectrally overlaps
with a broad dipolar resonance.20,21 For the ringmultipolar mode
resonances to be realized directly in the scattering spectra, the
width of the ring structures needs to be scaled down,16 which
requires accurate fabrication techniques. In this paper, a quad-
rupole plasmon resonance that does not spectrally overlap with a
dipolar resonance is induced in theta-shaped ring�rod gold
nanostructures. In addition, a sharp Fano resonance is observed
as a result of the interference between a spectrally overlapping
broad dipolar resonance and a narrow octupolar resonance. The
quadrupolar and Fano resonances are induced when the nanorod
is displaced from the ring center and connected to the nanoring
with a necklike conductive bridge. It has been reported that when
nanoparticles are brought in contact, the optical response can
change drastically with respect to the individual particles.22�24 In
the case of the ring�rod coupling presented here, the charge
transfer through the conductive bridge activates the dark plas-
mon modes of the ring. In principle, this could also be achieved
by capacitive coupling alone but the result here shows that only a
weak quadrupolar resonance is observed without the conductive
bridge, presumably due to plasmon losses. That is, because of the
small size and roughness of the nanostructures, the plasmon
energy is transferred to nonradiative processes resulting in
reduced near-field amplitude.

In addition to excitation of multipole plasmon resonances, the
design and fabrication of the theta-shaped plasmonic devices is
motivated by the excellent individual optical properties of nano-
rings and nanorods. Compared to nanodisks with similar size, for
example, gold nanorings have about 5 times larger refractive
index sensitivities.6,25 Similar to nanoshells,4 the plasmon reso-
nance energy of a nanoring is sensitively dependent on the width-
to-radius aspect ratio resulting in broad optical tunability in the
near-infrared region.6,25 Similarly, nanorods have excellent op-
tical tunability, large-field enhancements, and slow plasmon
dephasing,26 all of which are desired characteristics for optical
application of metal nanostructures. The additional quadrupole
plasmon resonance that is induced in the theta-shaped gold
nanostructure fills the spectral gap between the dipolar reso-
nances of the individual rod and ring.

Arrays of nanostructures, less than 200 nm in size, with 4 μm
lattice spacing are fabricated using electron-beam lithography
and liftoff procedures directly on a microscope cover glass
without an adhesion layer, since the adhesion layer can affect
the optical response of the gold nanostructures.27 A schematic of
a theta-shaped ring�rod plasmonic nanostructure (D2h sym-
metry) is shown in Figure 1a. As the rod is displaced along the
laser polarization axis, the symmetry is reduced to C2v and an
asymmetric near-field interaction arises due to the disparity of the
gaps,G1eG2. The difference between the outer radius (R2) and
the inner radius (R1) defines the width of the ring (ΔR), while
the width and length of the rod are denoted by W and L,
respectively. A representative scanning electron microscope

(SEM) image of fabricated structures is shown in Figure 1b. The
average dimensions of the parameters are R1 = 72 nm, R2 = 95 nm,
L = 84 nm, andW = 40 nm. The thickness (height) of the ring�
rod nanostructures is ∼20 nm. Scattering spectra for individual
plasmonic nanostructures are acquired using a transmission
mode dark-field confocal microscope, shown in Figure 1c. The
plasmonic resonances are excited by focusing white light that is
polarized along the long axis of the nanorod through the back of
the glass substrate using an oil immersion dark-field condenser
(numerical aperture, NA = 1.2�1.4) oriented normal to the
sample surface. The light scattered by an individual nanostruc-
ture is collected with a 100�, 0.95 NA air objective and spectrally
analyzed by focusing through a pinhole into a spectrometer
equipped with a cooled CCD camera. The 4 μm lattice spacing
and tight focusing of the excitation light ensure that the measured
scattered light is due to individual nanostructures, which is
important for revealing variations in the optical response result-
ing from slight changes in structural parameters that would
otherwise be hidden by ensemble averaging.

The design of the nanostructures and the interpretation of the
measured scattering spectra are facilitated by electromagnetic
simulation, which is performed using the finite-difference time
domain (FDTD) method and implemented with the Lumerical
software package (Lumerical Solutions, Inc.). A total-field/
scattered-field source scheme28 is used to introduce light energy
into the simulation region where the grid size is 1 nm in x-, y-, and
z-directions. The bulk dielectric constants of gold measured by
Johnson and Christy29 are used to model the gold nanostruc-
tures. The glass substrate was included in the initial calculation

Figure 1. Theta-shaped ring�rod nanostructure and dark-field experi-
mental setup. (a) Schematic of the nanostructures: R1 and R2 are the
inner and outer radius of the ring, respectively; W and L are the width
and length of the rod, respectively;G1 andG2 are the ring�rod gaps. The
electric field (E) is oriented along the long axis of the rod and the light
propagation direction (k) is perpendicular to the ring plane (normal
incidence). (b) Representative scanning electron microscope image of
portion of fabricated gold nanostructures; inset is an enlarged view of
one nanostructure. (c) Schematic of scattering confocal microscope: the
incident and scattered light rays are indicated by the solid and dotted
cyan lines, respectively. APD is the avalanche photodiode and CCD is
the charge-coupled device.
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and its only effect is to red shift the resonances. Therefore, for
simplicity, it is excluded in the subsequent simulations using,
instead, a uniform background refractive index of 1.3. For best
estimates of the actual structures, the SEM images are directly
imported into the simulation region and extruded along the
z-direction to define the height. That is, except for variations in
height, the simulation mimics the real (fabricated) nanostruc-
tures to the accuracy of the SEM.

Representative scattering spectra corresponding to SEM
images of the structures in Figure 2a are shown in Figure 2b,c.
The dipolar resonance of the isolated ring lies at λ > 1000 nm
(see Supporting Information, Figure S1) and the ring quadru-
polar and octupolar resonances are expected in the measured
spectral window but remain dark as shown by the black line in
Figure 2b. For nominally similar structures, we observe small
variations in the optical response due to the slight dimensional
and morphological differences. On average, with respect to that
of the isolated rod (purple line) the scattering intensity increases
when the rod is placed in the center of the ring (blue line). The
peak wavelength and the line-width of the dipolar resonance
increase monotonically as the rod is displaced from the ring
center, as is evident in the spectra shown with the green and
orange lines. For the spectra shown in Figure 2b, the full width at
half maxima are 152 meV (rod), 155 meV (centered ring�rod),
167 meV (structure I), and 196 meV (structure II). The ring�
rod gap in structure I is estimated to be ∼10 nm and no new
resonances appear due to capacitive coupling. For structure II, a
conductive bridge starts to form but is not complete, with a very
small effective gap that is estimated to be less than 3 nm. In the
corresponding spectrum (orange line), in addition to the energy
shift, it can be seen that a new resonance starts to appear around
the region indicated by the orange arrow. On the basis of
previous theoretical predictions for silver ring�disk structures16

and for gold�silica�gold nanoshells,30 the spectral feature
indicated by the orange arrow is attributed to the ring quad-
rupolar resonance that is induced as a result of capacitive
coupling (near-field interaction) with the rod dipolar mode.

When the conductive bridge is completely formed, the optical
response changes dramatically as shown in Figure 2c. The dipolar
resonance of the rod is transformed to a highly broadened so-
called superradiant mode21 owing to strong hybridization with
the modes of the ring. The overall width of the broad resonance
indicated by the dotted horizontal arrow in Figure 2c is∼380meV,
compared to 152 meV for the rod dipolar resonance in Figure 2b.
A new prominent resonance peak with line-width of ∼130 meV
appears at ∼890 nm. In addition, a spectral dip (with line-width
less than 100 meV) is created at ∼710 nm on the top of the
broadened dipolar resonance. The calculated scattering cross-
section shown by the red line in Figure 2d agrees well with the
experimental result. Although the calculated spectrum is shifted
slightly to the blue, the energy separation between the observed
890 nm and 710 nm (0.35 eV) resonances is equal to the
corresponding separation in the calculated spectra. The apparent
difference in the relative intensity of peaks between the experi-
mental and the calculated spectra is due to the reduced efficiency
of the detector in the near-infrared region. To assist the plasmon
mode assignments of the resonances, the charge distribution on
the top surface is calculated at the wavelengths corresponding to
the new resonances, and the results are shown in the insets in
Figure 2d. The charge distributions plots clearly indicate that the
resonances at ∼890 nm and 710 nm have quadrupolar (l = 2)
and octupolar (l = 3) charge distributions with respect to the

Figure 2. Evolution of the optical response as the nanorod is displaced
from the ring center and conductively linked to the ring wall. (a)
Representative SEM images of gold nanostructures (scale bar =
100 nm). (b) No resonances observed for the isolated ring (black line),
and the dipolar resonance of the rod shifts to the longer wavelength as
the ring�rod gap decreases. The normalized spectra are shown in the
inset. The orange arrow points to a new resonance feature that starts to
appear in structure II. (c) The scattering spectrum of structure III where
the nanorod is conductively linked to the ring wall. The black and red
arrows at 710 nm and 890 nm indicate the (octupolar) Fano and
quadrupolar resonances, respectively. (d) The scattering cross-section
(σscat, red line) of structure III calculated at normal incidence and the
calculated extinction cross-section (σext, gray line) of the isolated ring
calculated at grazing incidence. The gray dashed vertical lines at 917 nm
and 731 nm indicate the positions of quadrupolar and octupolar
resonance peaks, respectively, of the isolated ring (note: σext = σscat þ
σabsorption; the octupolar peak is not observable when σscat is plotted).
Insets are surface charge distribution plots at the top surface. (e) Near-
field intensity calculated 1 nm above the surface. The double-headed
dotted horizontal arrows in (b) and (c) indicate the widths of the
corresponding resonances.
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ring. In addition, the extinction cross-section of the isolated ring
has been calculated at grazing incidence so that the higher order
modes are excited due to retardation effects.12 The normalized
extinction cross-section of the ring (gray line, calculated when
the incident light is propagating parallel to the ring plane) is
superimposed with the scattering cross-section of the bridged
ring�rod structure (red line, calculated at normal incidence) as
shown in Figure 2d. As can be seen in the figure, the quadrupolar
and octupolar resonances of the isolated ring appear on the
longer wavelength side of the resonances observed in the bridged
ring�rod structure. The energy separation between the quad-
rupolar and the octupolar resonance peaks of the isolated ring is
0.34 eV, which is in close agreement with the separation
mentioned above. Therefore, both the surface charge plot and
the correspondence with the resonances of the isolated ring
suggest that the resonances at 890 nm and 710 nm are char-
acteristic of the quadrupolar and octupolar resonances, respec-
tively, of the ring. The octupolar resonance is manifested as a dip
due to the destructive interference with the broadened dipolar
resonance. This type of interference feature, referred to as a Fano
resonance, has further stimulated research in plasmonics in recent
years19�21,31�33 (see ref 34 for review). This interpretation is
further supported by the near-field intensity plots displayed in
Figure 2e that directly reflect the quadrupolar and octupolar field

distribution when calculated close to the corresponding reso-
nance peaks in Figures 2c,d. The electric field is normalized by
the source, and the field intensity, |E|2, plotted in (e), has positive
amplitudes corresponding to both negative (dark) and positive
(red) surface charges in Figure 2d. Both the surface charge and
the near-field distribution suggest that the higher-order modes of
the ring are strongly hybridized with the dipolar mode of the rod.
However, for brevity, the resonance at 890 nm is simply referred
to as a quadrupole plasmon resonance.

The resonance energy of the multipole resonances depends
very sensitively on the structural parameters, particularly the
conductive bridge size and the ring width-to-radius aspect ratio
(ΔR/R). The rod dipolar resonance, on the other hand, is less
sensitive to slight structural changes. The observation of the Fano
resonance mainly depends on the energy position of the ring
octupolar resonance as illustrated in Figure 3. As the bridge size
increases from panels I to V in Figure 3a, both the quadrupolar
and the octupolar resonances shift to shorter wavelength as
shown in the experimental spectra (Figure 3b), which agrees well
with the calculated spectra (Figure 3c). For example, as the
structural parameters change slightly from panel I to II, the
octupolar resonance shifts from the right shoulder of the dipolar
resonance to near degeneracy. As a result, the Fano resonance in
Figures 3b,c, which is also similar to the one in Figure 2c, can be

Figure 3. Structural sensitivity of the quadrupolar and Fano resonances. (a) The SEM images are arranged in increasing order of the bridge size (scale
bar = 100 nm). Generally, the width-to-radius aspect ratio (ΔR/R) also increases in the same order due to fabrication properties. (b)Measured scattering
spectra labeled the same as the corresponding images. (c) Calculated scattering cross-section. The red and black arrows in (c) and (d) indicate the
quadrupolar and Fano resonances, respectively. The wavelength shift of the quadrupolar and Fano resonances can be seen with reference to the dotted
vertical lines in (c) and (d), which show the position of the resonances for structure I. (d) The near-field intensity in natural logarithmic scale
corresponding to the quadrupolar (right) and Fano (left) resonances, calculated 1 nm above the surface.
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considered as plasmon-(electromagnetic) induced transparency,
which has been predicted35 and observed31 in metamaterials. As
the bridge size further increases as in panels III and IV, the
octupolar resonance shifts to the left shoulder of the dipolar
resonance, and the interaction becomes weaker as reflected in the
shallow depth of the Fano resonance. Finally, when the nanorod
is uniformly merged to the wall of the ring the octupolar reso-
nance disappears to the blue while the quadrupolar resonance
takes precedence. In this limit, the ring�rod structure can be
considered as a single nanostructure that supports four reso-
nances corresponding to the dipolar mode of the rod and the
dipolar, quadrupolar, and octupolar modes of the ring covering a
spectral range from about 580 to 1400 nm.

Although it is less apparent in the SEM images shown in
Figure 3a, the multipole resonances also shift to the blue with
increasing ΔR/R. In general, the fabrication process increases/
decreases the sizes of the bridge and the ΔR/R in the same
direction, that is, because of the proximity of the bridge to the
ring wall, the conditions that increase the conductive bridge area
also increase the width of the ring and vice versa. Therefore,
although it is difficult to quantify the bridge size independently, a
general trend can be obtained by analyzing the spectra with
respect toΔR/R, and the result can be compared to theory. First,
to vary the structural parameters theoretically, the simulation
is performed using idealized ring�rod primitive structures
similar to the one in Figure 1a. The calculated spectra shown
in Figures 4a,b are obtained using a 40 nm� 84 nm rod and using
several ring parameters specified in the figures. In contrast to the
experimental observation, the multipole resonances are induced
even at a ring�rod gap of 15 nm due to capacitive coupling, blue
line in Figure 4a. As the gap size decreases, the Fano resonance
becomes stronger and the quadrupolar resonance shifts to the
red (green and red lines). The result of the simulation is
consistent with similar theoretical results reported for noncon-
centric silver ring�disk nanostructures16 and gold�silica�gold
nanoshells.30 The fact that the multipole plasmon resonances are
not observed in the experimental results in Figures 2a,b even at
smaller gaps is attributed to the plasmon loss most likely due to
grains in the fabricated structures. However, consistent with the
experimental result, when the rod uniformly merges to the ring,
the resonances jump to the shorter wavelengths (gray line). To
illustrate the effect of ΔR/R computationally, the width is
increased (keepingG1 andR2 constant), and the resulting spectra
are plotted in Figure 4b. In Figure 4c, the resonance energies
(solid lines) extracted from Figure 4b are compared with the
experimental data (solid squares and solid circles). Compared to
the simulation the experimental results have greater slopes,
which, based on the results in Figure 3, can be attributed to
the influence of the bridge size that is not accounted for in the
simulation. The spectra in Figure 4b are forG1 = 5 nm; as a result,
the calculated resonance energies plotted in Figure 4c are lower
than the experimental values due to the capacitive coupling
which decreases the resonance energy as discussed next.

Before the conductive bridge is formed, opposite charges build
up on the opposite sides of the dielectric medium and a strong
Coulomb attraction shifts the resonance progressively to lower
energy with decreasing interparticle distance.36,37 When the
conductive bridge is formed, the surface charges around the
interfaces are allowed to move, reducing the capacitive coup-
ling (Coulomb attraction), and the resonances jump to higher
energy.22,38,39 The resonance energy further increases as the
conductive bridge fills the dielectric medium, as demonstrated in

the experimental results presented in Figures 3a,b. However,
because of the curvature of the ring the capacitive coupling is still
prevalent even after the conductive coupling is fully established.
This is evident in the near-field intensity contour plot displayed
in Figure 3d where we see field localization around the bridge as
displayed in panels I�III. The field is pushed out of the junction
region as the conductive bridge widens and fills the dielectric
medium around the neck, and it becomes stronger between the
opposite end of the rod and the ring wall as in panels IV and V.
Previous calculations also show that there is a uniform electric
field in the area enclosed by the ring when the ring resonances are
excited.6 When the nanorod is linked to the ring from outside
(see Supporting Information, Figure S2), as reported for a gold
ring�disk system,20 the resonances shift to the blue compared to
the corresponding resonances when the nanorod is inside the

Figure 4. Calculated spectra of idealized structures and comparison
with the experimental data. The ring and gap parameters are specified on
the plot, and the rod width and length are 40 and 84 nm, respectively.
Both the ring and the rod are 20 nm high. (a) The resonances shift
continuously to the longer wavelength when the ring�rod gap (G1) is
decreased by displacing the rod from the ring center (black line) along
the laser polarization axis, and jumps to the shorter wavelength when the
rod is merged to the ring wall (gray line). (b) The quadrupolar
resonance shifts to the blue and eventually overlaps with the dipolar
resonance of the rod when the ΔR is increased at the expense of R1. (c)
The resonances extracted from (b) are plotted (solid lines) as a function
ofΔR/R, where R is chosen to be R2 and compared with the resonances
obtained from experimental spectra (black filled squares and blue filled
circles).
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ring, indicating reduced near-field interaction. In addition, the
scattering and absorption cross-section and the near-field ampli-
tudes significantly decrease for the outside coupling case. There-
fore, in the theta-shaped structure both conductive and capacitive
coupling contribute to the ring�rod plasmon interaction, and
the mechanism of the interaction can be summarized as follows.
The electric field of the light excites a dipolar charge oscillation in
the nanorod and the flowof an oscillating electrical current through
the conductive bridge induces the quadrupolar and octupolar
resonances that do not directly couple to the light. The Fano
resonance is created when the less radiative sharp octupolar
resonance destructively interferes with the radiative broadened
dipolar resonance. The capacitive coupling further increases the
interaction leading to strong quadrupolar and Fano resonances.
For the small ring sizes considered here, the multipolar resonances
are not induced effectively by near-field coupling owing to the
plasmon damping via nonradiative processes. The uneven
(noncrystalline) structures further facilitate the loss. The flow of
oscillating current through the conductive bridge effectively acti-
vates the higher-order charge oscillation modes in the entire ring,
bringing the “dark” multipole plasmon modes into action. More
intuitive understanding can be obtained by representing the
conductive bridge, the nanorod, and the nanoring as circuit
nanoelements,40 which can be a focus of future work.

In summary, quadrupole plasmon and (octupolar) Fano
resonances are induced in conductively coupled theta-shaped
ring�rod gold nanostructures. Because of the wide spectral
coverage from about 600 nm to 1400 nm with sharp resonance
features, these nanostructures can potentially be used as universal
plasmonic devices in various optical applications such as surface-
enhanced spectroscopy and plasmon sensors. In addition, the
experimental results provide evidence that conductive coupling
mechanisms can bring interesting plasmon resonances into effect
that otherwise are not possible, paving the way for improved
design of plasmonic devices.
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